Cavity implementation of quantum interference in a A-type atom 
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A scheme for engineering quantum interference in a A-type atom coupled to a frequency- 
tunable, single-mode cavity field with a pre-selected polarization at finite temperature is proposed. 
Interference- assisted population trapping, population inversions and probe gain at one sideband of 
the Autler-Townes spectrum are predicted for certain cavity resonant frequencies. 
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Within recent years, there has been a resurgence of interest in the phenomenon of quantum interference between 
different transition paths of atoms (!]] . The principal reason is that it lies at the heart of many new effects and applica- 
tions of quantum optics, such as lasing without population inversion electromagnetically- induced transparency ||, 
O^l ■ enhancement of the index of refraction without absorption [Q , fluorescence quenching Q-Q] , spectral line narrowing 
; EM. 
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The basic system consists of a singlet state connected to a closely-spaced doublet by a single electromagnetic vacuum 
interaction H^]]^] , so that the two transition pathways from the doublet states to the singlet are not independent and 
may interfere. It is important for these effects that the dipole moments of the transitions involved are parallel, so 
that the cross-transition terms are maximal. From the experimental point view, however, it is difficult to find isolated 
atomic systems which have parallel moments pdj . 
■ Various alternative proposals J|,||,|l0|,[l2| have been made for generating quantum interference effects. For example, 
| for three- level atomic systems (in V , A and S configurations) excited by two laser fields: one being a strong pump 
field to drive two levels (say |1) and |2)) and the other being a weak probe field at different frequency to probe the 
levels |0) and |1) or |2), the strong coherent field can drive the levels |1) and |2) into superpositions of these states, so 
that different atomic transitions are correlated. For such systems, the cross-transition terms are evident in the atomic 
dressed picture |T^] . A four-level atom with two closely-spaced intermediate states coupled to a two- mode cavity 
can also show the effect of quantum interference [fiof . In fact, the experimental observation of the interference-induced 
suppression of spontaneous emission was carried out in sodium dimers where the excited sublevels are superpositions 
of singlet and triplet states that are mixed by a spin-orbit interaction (j|[llj]. 

The major purpose of this Letter is to propose a scheme whereby quantum interference can be readily engendered in 
realistic, practical situations. We study a A-type atom coupled to a frequency-tunable, single-mode cavity field with 
a pre-selected polarization which is damped by a thermal reservoir, and show that maximal quantum interference 
(equivalently, two parallel dipole transition moments) can be achieved in such a system. Interference- assisted popula- 
tion trapping, population inversions and probe gain at one component of the Autler-Townes spectrum are predicted 
O^ 1 for certain cavity resonant frequencies. 

The model consists of a A-type three-level atom with the ground sublevels |0) and |1), with a level splitting 
uiio = E\ — E n , coupled by the single-mode cavity field to the excited level |2). Direct transitions between the ground 
doublet |0) and |1) are dipole forbidden. The master equation for the total density matrix operator px in the frame 

^ . rotating with the average atomic transition frequency ujq — (0J20 + ^2i)/2 takes the form 

_ 1 

p T = -i[H A + H c + H I , p T ]+Cp T , (1) 

with 

H A = ^f {A 1X - A 00 ) , (2) 

H c = 5 at a, (3) 

Hi =i (giA 12 + g A 02 ) a< - h.c, (4) 
Cpx = k(N + 1) (2apT<J — a) apT — PT& a) 

+kN (2a' pro, — aaJ pt — Ptclci') , (5) 
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where He, Ha and Hj are the unperturbed cavity, the unperturbed atom and the cavity-atom interaction Hamilto- 
nians respectively, while Cpr describes damping of the cavity field by the continuum electromagnetic modes at finite 
temperature, characterized by the decay constant k and the mean number of thermal photons N; a and a' are the 
photon annihilation and creation operators of the cavity mode, and Aij = \i){j\ is the atomic population (the dipole 
transition) operator for i = j (i ^ j); 8 = toe ~ujq is the cavity detuning from the average atomic transition frequency, 
and gi = e\ ■ di 2 y hu>c /2cqV (i = 0, 1) is the atom-cavity coupling constant with d i2 , the dipole moment of the 
atomic transition from |2) to \i) , e\, the polarization of the cavity mode, and V , the volume of the system. In the 
remainder of this work we assume that the polarization of the cavity field is pre- selected, i.e., the polarization index 
A is fixed to one of two possible directions. 

In this paper we are interested in the bad cavity limit: k 3> gi, that is the atom-cavity coupling is weak, and the 
cavity has a low Q so that the cavity field decay dominates. The cavity field response to the continuum modes is much 
faster than that produced by its interaction with the atom, so that the atom always experiences the cavity mode in 
the state induced by the thermal reservoir. Thus one can adiabatically eliminate the cavity-mode variables, giving 
rise to a master equation for the atomic variables only |l3f| , which takes the form, 

p = -i [H A , p] 

+ {f(-wi )(JV + 1) [M 2 (A 02 pA 2 o - A 22P ) + gog* 1 A Q2 pA 21 ] 
+F(u w ){N + 1) [| 3l | 2 (A 12P A 21 - A 22P ) + g* giA 12P A 2a ] 
+F(-lj 10 )N [|.9o I 2 (A 20 pA 02 - pA 00 ) + g g* (A 2lP A 02 - P A 01 )] 
+F(u 10 )N [\ gi \ 2 (A 2lP A 12 - pAu) + 5o5i (A 20 pA 12 - pA 10 )] 

+h.c.}, (6) 

where F(±w 10 ) = [k + i(S ± uj w /2)y 1 . 

Obviously, the equation @ describes the cavity-induced atomic decay into the cavity mode. The real part of 
F(±u>io)\gi\ 2 represents the cavity-induced decay rate of the atomic excited level |2) to the ground level \i) , (i = 0, 1), 
while the imaginary part is associated with the frequency shift of the atomic level resulting from the interaction with 
the thermal field in the detuned cavity. The other terms, F(±uiw)gig* , (i ^ j), however, represent the cavity-induced 
correlated transitions of the atom, i.e., as the atom emits a photon from the excited level |2) to one of the ground 
sublevels, say |0) for example, it drives an absorption of the same photon on a different transition, |1) — > |2) , and 
vice versa, which give rise to the effect of quantum interference. 

The effect of quantum interference is very sensitive to the orientations of the atomic dipoles and the polarization 
of the cavity mode. For instance, if the cavity-field polarization is not pre-selected, as in free space, one must 
replace gig* by the sum over the two possible polarization directions, giving T,\gig* cx di 2 ■ d* 2 |10|| . Therefore, 
only non-orthogonal dipole transitions lead to nonzero contributions, and the maximal interference effect occurs with 
the two dipoles parallel. As pointed out in Refs. |3fl fU)|]l~i|l however, it is questionable whether there is a isolated 
atomic system with parallel dipoles. Otherwise, if the polarization of the cavity mode is fixed, say eA = e x , the 
polarization direction along the ^-quantization axis, then gig* cx (d^)^ (d|a) , which is nonvanishing, regardless of 
the orientation of the atomic dipole matrix elements. Actually, by selecting tne cavity polarization, we can in some 
cases even engineer a system with two parallel or anti-parallel dipole moments. For example, for an atom with a 
[j, m = 0) <-> \j — 1, m = ±1) transition, if we pre-selected the cavity polarization to the x-quantization axis, we 
will achieve a scheme with two parallel dipole moments, whereas if the cavity polarization is pre-selected to the 
y-quantization axis, we will have a system with two anti-parallel dipole moments. 

It is apparent that if k 3> 5, u>io, the frequency shifts are negligibly small. Moreover, if we define the cavity- 
induced decay rates of the excited level to the ground sublevels as 70 = K\go\ 2 /[K 2 + (S — uj w ) 2 } ~ |ffo| 2 /K and 
7i = k I3i| 2 /[ k2 + (5 + t^io) 2 ] — |5i| 2 / k > the master equation (|^) then reduces to the approximate form 

p ~ -% [Ha, p] 

+ 7o (7V + l){2A 02 pA 20 - A 22 p - pA 22 ) + "/ N(2A 20 pA 02 - A 00 p - pA 00 ) 
+71 (N + 1){2A 12P A 21 - A 22 p - pA 22 ) + - n N(2A 21 pA 12 - A n p - pA n ) 
+2V7o7T(^ + l)A 12P A 2Q + y^[N(2A 21 pAo 2 - A 01 p - pA 01 ) 

+2^=^(N + l)A 02P A 21 + ^^N(2A 20 pA 12 - A w p - pA l0 ). (7) 

This equation is same as that of a A-type three-level atom with two parallel transition matrix elements 
in free space fl. In other words, the maximal effect of quantum interference in a A-type atom can be 
achieved in a cavity with a pre-selected polarization. Furthermore, transforming eq. (M) into the basis: 
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(|2), \S) = (VTblO) + VtT|1» /V7o+7i, l^> = (V^ol 1 ) ~ V^n I )) /V7o + 7i } , shows that the cavity mode only cou- 
ples to the states |«S) and |2) with a cavity- induced decay rate of (70 + 7i), and the asymmetric state \A) is decoupled 
from the excited state |2). Interestingly, in the case of degenerate ground states (uii — 0), the steady-state solution 
is highly dependent upon initial conditions of the atom. For example, if the atom is initially in the asymmetric state 
\A), it will stay in the state forever, i.e., \A) is a complete trapped state, whereas the steady-state populations are 
respectively, P22 = N/{2N + 1), pss = (N + 1)/ (27V + 1) and paa — 0, if the atom is initially in either the symmetric 
state 15*) or the excited state |2). Otherwise, for the atom initially in one of the ground doublet, P22 = N/(4N + 2), 
Pss — (N + 1)/(47V + 2) and paa = 1/2, where an half population is trapped in the state \A). It is evident that 
the existence of the population trapped state and the dependence of the steady-state population on the initial atomic 
states originate from the cavity induced quantum interference.. 

Our numerical calculations show no trapped state at all in the nondegenerate case (u>io ^ 0). Nevertheless, the 
cavity-induced quantum interference between the two transition paths, |0) <-> |2) and |1) <-* |2) gives rise to the steady- 
state population inversions and coherence, as shown in Fig. 1, where u>io = 2k = 200, N = 20 and g$ = g\ = 10 
are taken. The steady-state populations and coherence are highly dependent on the cavity frequency. The coherence 
is symmetric with the cavity detuning and reaches the maximum value at 5 = 0, while the population differences 
are asymmetric. Furthermore, the population inversions may be achieved for certain cavity frequency. For example, 
if the cavity frequency is tuned to —139.2 < S < 82.3, the population is inverted between the excited level |2) and 
the ground sublevel |0), (i.e., P22 > Poo), whereas P22 > pn m the region of —82.3 < 6 < 139.2. It is clear that 
P22 > Pu > Poo is achieved in the region of —139.2 < S < 0. The steady-state population inversions and nonzero 
coherence manifests the cavity-induced quantum interference Jl4[ . 

Now we investigate the effects of quantum interference on the Autler-Townes spectrum A(u>), by illuminating a 
weak, frequency-tunable probe field on such a system. One may predict that, in the absence of the cavity-induced 
interference (i.e., no cross transition, associated with gig*, is taken into account ), two transition paths, |0) <-> |2) and 
|1) <-> |2), are independent, which respectively lead to the higher- and lower- frequency sidebands of the absorption 
doublet with respective linewidths 70 (2N + 1) + 71 (N + 1) and 70 (N + 1) + 71 (27V + 1). Whereas, the spectral 
features may be dramatically modified in the presence of the cavity-induced interference. Here we only concentrate on 
the case W10 ~ 2k ^ 7o>7i> N, so that the doublet is well resolved. See for example, in Fig. 2 where u>io — 2k = 200, 
N = 20, go = gi = 10 and different cavity detunings are taken, in which the solid (dashed) lines represent the 
spectrum in the presence (absence) of the cavity induced interference. It is clearly shown that, when the cavity is 
resonant with the average frequency of the atomic transitions, 6 = 0, the interference widens and strengthens the 
absorption doublet, which is symmetric, (Fig. 2(a)). Otherwise, it is asymmetric. Rather surprisingly, probe gain may 
occur at either the lower- or the higher- frequency sideband, e.g., the probe field is amplified at the lower-frequency 
sideband for 5 = 50 and 100, while at the other sideband for 6 = 200, see in Figs. 2(b)-2(d) for instance. When the 
cavity detuning is much larger than the ground sublevel splitting and the cavity linewidth, S u>io, 2k, the effect of 
the cavity induced interference is negligible small so that the absorption spectrum is virtually same as that without 
interference (we show no figure here). 

It is well known that the probe absorption of multi-level atoms is attributed to population difference between two 
dipole transition levels and coherence between two dipole forbidden levels, and either the inverted populations or 
the coherence can lead to probe gain. As demonstrated in Fig. 1, the population between the two transition levels 
|2) and |1) is inverted in the region of —82.3 < 6 < 139.2. Therefore, the gain at the lower-frequency sideband 
stems from the cavity-induced steady-state population inversion between |2) and |1) for <5 = 50 and 100, whereas the 
cavity-induced coherence between the two dipole- forbidden excited sublevels |0) and |1) must be the origin of the gain 
at the higher-frequency one in the case 6 = 200. 

In summary, we have shown that maximal quantum interference can be achieved in a A-type atom coupled to a 
single-mode, frequency-tunable cavity field at finite temperature, with a pre-selected polarization in the bad cavity 
limit. The cavity-induced interference may give rise to the population trapping and inversions, and the probe gain 
at either sideband of the Autler-Townes doublet, depending upon the cavity resonant frequency, the ground level 
splitting and the mean number of thermal photons. The gain occurring at different sidebands has the various origin: 
in the case of 6 > 0, the higher-frequency gain is due to the nonzero coherence, while the lower-frequency one is 
attributed to the population inversion. As shown in Refs: [|||Jl^] that an apply laser coupling to multilevel atoms 
may result in the steady-state coherence and population inversions. We here present an another scheme whereby they 
can be generated by the cavity-induced interference. 

We should emphasize that there are no special restrictions on the atomic dipole moments in our system, as long as 
the polarization of the cavity field is pre-selected, and that the effects of the cavity-induced interference occur over 
ranges of the parameters, and are profound when the ground level splitting is the same order of the cavity linewidth 
and the mean number of thermal photons N 1, which may make its experimental observation feasible. 
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FIG. 1. The steady-state population differences and coherence vs the cavity detuning, for go = gi = 10, k = 100, u>io = 200 
and N = 20. The solid, dashed and dot-dashed lines respectively represent (p22 — poo), (P22 — pn) and Re(poi). 

FIG. 2. Absorption spectrum A(u>) vs the scaled frequency lu = (w p — wo), where lu p is the frequency of the probe field, for 
go = gi — 10, k = 100, wio = 200, N = 20, and 5 = 0, 50, 100, 200 in (a)-(d), respectively. The solid curves represent the 
spectrum in the presence of the cavity-induced interference, whilst the dashed curves are the spectrum in the absence of the 
interference. 
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